A computer model and a methodology has been developed to perform value analysis for small, low-temperature binary geothermal power plants. The value analysis method allows for incremental changes in the levelized energy cost (LEC) to be determined between a baseline plant and a modified plant. Thermodynamic cycle analyses and component sizing are carried out in the model followed by economic analysis which provides LEC results. The emphasis of the present work has been on evaluating different types of heat rejection systems.
INTRODUCTION
Geothermal energy is an attractive and clean source of power generation. Geothermal power plants harness geothermal energy to produce electricity with very low levels of emissions compared to conventional fossil fuel power plants. An assessment of the existing geothermal power plants indicates that most of the easily accessible, higher temperature geothermal resources have already been exploited. Recent studies have indicated that the practical limit is being approached by some of the advanced geothermal conversion systems that have been employed for high temperature hydrothermal resources. Therefore, development of new resources will increasingly rely on the economic exploitation of the liquid dominated, low to moderate temperature resources. One of the impeding elements for development and deployment of the geothermal power plants utilizing low to moderate temperature resources is the heat rejection issue. Determining the best heat rejection system for geothermal power plants using liquiddominated hydrothermal resources is a crucial issue in producing low-cost energy especially when the resources being considered are in the low to moderate temperature range. In these systems the amount of heat rejection is particularly significant. In addition, most of the resources are located in areas where water is scarce and total wet cooling may not be possible. It is then imperative to investigate heat rejection systems to produce economical electrical energy from geothermal resources at low to moderate temperature range.
Researchers at the National Renewable Energy Laboratory (NREL) have developed a computer model to evaluate the performance of the geothermal power plants with various heat rejection systems and their impact on the levelized cost of electricity. The computer model developed in this work is capable of simulating the operation of a geothermal power plant which consists mainly of an Organic Rankine Cycle (binary plants) with different types of working fluids such as pure hydrocarbons and some binary mixtures of the most promising combinations of hydrocarbons. The computer model performs the cycle analysis and component sizing for binary systems with various heat rejection systems. A spread sheet is then used to carry on the economic data calculation and analysis. The method of computing the levelized energy cost is an incremental method to determine the percentage change from a base case. The cycle analysis computer program accepts five different heat rejection models. The program operates in two modes: "designing mode" in which all components are sized for a particular set of ambient conditions and design parameters such as pinch points, and "operational mode" in which the component hardware is fixed and the cycle state points change to accommodate a different set of ambient conditions. This work should give geothermal industry significant insights into the heat rejection process and help to establish guidelines for hybrid heat rejection for geothermal power plants. This work will help exploitation of low to moderate temperature geothermal resources by providing geothermal industry much needed guidance to design and build more cost effective power plants.
REVIEW OF THE "VALUE ANALYSIS" TECHNIQUE
The value analysis technique determines the incremental change in the cost of producing electricity between a baseline configuration and another configuration (expressed as a fractional change). The absolute levelized cost of electricity is not calculated, but the relative merit of the new configuration can be determined. The input to the method is the relative costs in the baseline system. The method will be outlined in this section. If more details are required, they can be found in Demuth and Whitbeck (1982) .
The levelized energy cost for the baseline plant, LECb, can be determined from the equation:
CRF(CCpb+CC,J+COMp, +COMn
(1)
where, AEb is the annual energy production of the baseline plant CC,, is the plant capital cost of the baseline plant CCfi is the field capital cost of the baseline plant COM,, is the plant O&M cost of the baseline plant COM, is the field O&M cost of the baseline plant CRF is the capital recovery factor, (Subscript b indicates the baseline plant configuration. No subscript will be used in future equations for the modified case.). The levelized energy cost for a modified configuration can be written in terms of changes from the baseline configuration (e.g., AAE is the difference between the annual energy production of the new configuration and the baseline configuration.) 
The fractional change in the LEC can be obtained from Eqns. --
The application of the above equations requires two types of data. First, the performance and component size for a baseline and modified plant. This data is obtained from a thermodynamic analysis of the binary cycle. Second, the economic data and their impact on LEC is needed. The performance and sizing information are then coupled with the economic data to determine fractional changes in the LEC using the equations discussed in this section. With this information, the fractions such as the part of the LEC which results from a single component or O&M cost are calculated.
TYPES OF SYSTEMS ANALYZED

Binarv Power Svstems
Figures 1 shows the type of binary cycle system which can be analyzed by the computer program. Figure 1 shows a simple Rankine cycle, which may be a boiling cycle or a supercritical cycle depending on the heater pressure. The term simple Rankine cycle is intended to indicate a system in which neither the geofluid or working fluid flows are split during the cycle. The present version of the computer code can handle only liquid geofluid. The capability to consider condensing steam in the binary fluid heater can be added with two-phase geofluid at the well-head (entering the plant).
If sufficient temperature potential exists in the turbine exhaust, some of the heat which would have been rejected to the atmosphere is recuperatively used to heat the working fluid after it is pumped to the heater pressure. This paper will emphasize the work with the unrecuperated cycle. Studies at a later time will investigate the recuperated cycle.
Tvpes of Heat Reiection Svstems
In Figure 1 , the heat rejection system is not specified The purpose of the heat rejection systems is to remove heat from the working fluid in the binary cycle. This means totally condensing the working fluid in a Rankine cycle. The heat removed from the working fluid is rejected to the atmosphere. If the system is a dry type, atmospheric air is heated to reject the heat and no makeup water is required. If the heat rejection system has an evaporative component, some of the heat rejected vaporizes water. This requires a liquid water makeup stream and the atmospheric air will leave the heat rejection system at a higher specific humidity than it enters. Five different heat rejection systems can presently be analyzed by the computer program; I) Air-cooled condenser, 2) Shell-and-tube (surface) condenser with evaporative cooling tower, 3) Shell-andtube (surface) condenser with the cooling water first cooled in an air-cooled exchanger and then in an evaporative cooling tower, 4) Parallel configuration of 1. and 2, 5) Series configuration of 1. and 2. (Air-cooled condenser at the hot end).
First, and perhaps the simplest system, consists of an air-cooled condenser. The turbine exhaust (or recuperator exhaust for a recuperative cycle) is desuperheated and condensed, transferring this energy to the atmospheric air. This is, at the present time, the most prevalent heat rejection system for binary geothermal plants. The advantages of this system are its simplicity and lack of a requirement for water. (Many of the present geothermal plants are in areas with a shortage of available water.) The primary disadvantage of this system may be a high condensing temperature produced when ambient temperatures are high (Summer and daytime). This will result in a degredation in cycle performance (efficiency). This system will be referred to in the remainder of this paper as Case 1. The second most prevalent type of heat rejection, Case 2, is a totally evaporatively cooled system. The working fluid from the turbine or recuperator is condensed in a shell-and-tube (surface) condenser with cooling water on the other side of the exchanger. The cooling water goes to an evaporative cooling tower in which it is sprayed into a counter or crossflow stream of atmospheric air. The water transfers heat to the air in both a sensible heat (cooling the liquid water) and latent (partial evaporation ofthe water). Therefore, a makeup stream of liquid water must be added to make up for the evaporation of the cooling water. This type of system rejects heat relative to the wet bulb temperature than the dry bulb temperature as in Case 1. The mean temperature difference in the water-cooled condenser of Case 2 will be smaller than that of the air cooled condenser of Case 1. However, the condensing temperature must also accommodate the rise in cooling water through the condenser and approach of the tower to the wet bulb temperature. In many cases, the fact that the wet bulb temperature is lower than the dry bulb temperature (especially in the Summer) will produce a lower condensing temperature in these extreme conditions. There is probably less daily and seasonable variation of ambient wet bulb than ambient dry bulb so smaller variations in condensing temperature and power output are to be expected. When the ambient temperature approaches freezing temperature, care must be taken to operate the tower at all points above the freezing temperature of the water. An air-cooled condenser can take advantage of these lower temperatures.
Case 3 is one of three hybrid systems using both evaporative and dry cooling. This may be thought of as an extension of Case 2 in which the cooling water from the condenser first passes through an air-cooler and then through the evaporative tower of Case 2. Because the air cooler works to the ambient air dry bulb temperature (which is higher than the wet bulb temperature at which the evaporative tower operates), the cooling water first passes through the air-cooler, removing a fraction of its heat and then it is passed through the evaporative cooling tower, The fraction of heat removed by each component depends on the relative size of the units and the wet and dry bulb temperatures.
Case 4 is the second hybrid arrangement. Here, the working fluid is split as it leaves the turbine (or the recuperator) and part is sent through a standard air-cooled condenser (similar to the one in Case I ) and the remainder is sent through a shell-and-tube (surface) condenser with cooling water cooled in an evaporative tower (as Bottoming, Plant C Low Temperature Resource. Plant D in Case 2). For this arrangement, the flow split may be varied in response to varying ambient conditions to optimize the system performance. Figure 2 depicts the other hybrid arrangement, Case 5. Here, all of the turbine exhaust goes through an air-cooled condenser. Then, the uncondensed portion goes through a shell and tube condenser with the cooling water evaporatively cooled. If the working fluid is a pure substance, the liquid which is condensed in the air-cooled condenser will bypass the second condenser. If the working fluid is a mixture, this choice is more difficult. 
COMPUTER PROGRAM FOR CYCLE ANALYSIS AND COMPONENT SIZING
This section discusses the computer program developed to predict the performance and size the major components of the baseline and modified systems. The computer program provides two options: a "design" option, which sizes the various components for a given cycle and an "off-design'' option, which takes the hardware from a design run and determines its performance under different ambient conditions.
Method of Solution
The computer program determines the operating conditions of the Rankine cycle for a prescribed set of initial conditions. The first pass through the program is a "design" run. Given the design constraints, the program determines the equipment necessary to meet the constraints. The output of this program consists of the plant performance and an estimate of the sizing of the major components. Some sizing information were obtained from Brown (1979) .
The "off-design performance" option takes the size parameters for the heater, turbine and heat rejection components and with the new ambient conditions varies pinch points and flow ratios until the size parameters are sufficiently close to the set values. This iteration assumes that the heater pressure remains constant and that the working fluid to coolant flow rates remain the same. (This means that the working fluid flow rate is fixed by the turbine while the coolant flow rates are the same as in the "design" case) 
Baseline Binary Systems
Four plants were considered to span the low temperature region for small binary plants. Geofluid inlet temperatures of 220 and 280 F were used where the geofluid might come directly from a low temperature resource or it might come from the exhaust of a high temperature plant. For the cases of a bottoming cycle, the geofluid reinjection temperature was restricted to 190 F to minimize silica deposition. For the low temperature resource, no reinjection temperature limit was applied because it was felt that there would be no problem with dissolved silica at these low temperatures. Table 1 outlines the conditions of the four baseline plants. Plant A is a bottoming cycle with a heating source temperatute of 220°F and a minimum reinjection temperature of 190°F. The plants that have a resource reinjection temperature limit have been designated by "Tlim" in Table 1 . Plant B is a low temperature resource at 220°F with no minimum reinjection temperature and therefore it has been designated "No Tlim". Similarly plants C and D are cycles with a resource temperature of 280°F as listed in Table 1 .
To incorporate reliable data into the computer simulations, support of a U S . geothermal industry representatives (BarberNichols) was solicited. Using Barber-Nichols data base, the performance and cost data for these systems were evaluated and utilized as baseline for the computer program. Using "rules of thumb" and case studies, optimum systems were determined. These binary cycles used isobutane as the working fluid. Table 2 gives a summary of the cost of the four optimized systems and Table 3 gives the calculation of the Levelized Energy Cost (LEC) for each option. The bottoming cycles were not charged with any production or injection well costs. For convenience, the costs have been divided into field and plant capital and O&M costs. The impact of each of these categories on the Levelized Energy Cost is shown in Table 4 . Svstems with Shell-and-Tube Condenser with CoolinP Water ReiectinP Heat in an EvaDorative Tower. A procedure similar eo that outlined for dry cooling, as described in the previous section, was followed to optimize baseline systems with shell and tube condensers (all wet cooling). LECs for the optimized baseline systems were calculated and incorporated into the computer program. Those results have not been presented here because of space limitations.
Svstems with Air-cooled Condensers (Drv Heat Rejection).
ARDlication of these results to the Value Analvsis. In the value analysis, the fractions given in the previous sections are used for systems with dry (air-cooled condensers) and wet (shell-and-tube condensers with evaporative cooling towers) heat rejection systems. The fractions are interpolated for different resource temperatures. For cases 3,4, and 5, the results are interpolated for resource temperature and between wet and dry by the fraction of the heat duty for each system
APPLICATION OF THE VALUE ANALYSIS TOOL AND THE COMPUTER MODEL
This section presents some examples of the use of the computer model developed in this work. The model was used to carry out an optimization analysis of the baseline plants listed in Table 1 . First, the use of propane as working fluid for a system with a resource temperature of 280°F and no geofluid reinjection temperature limit is compared with the baseline system of the Barber Nichols analysis which used isobutane. Second, the use of the "off-design'' option of the computer model has been explored by presenting a study which explores the wet and dry heat rejection sensitivity with respect to the ambient temperature.
Working Fluid Study
The use of lighter hydrocarbons have been recommended for geothermal binary plants with low resource temperatures. To explore this recommendation and to illustrate the use of the computer model developed here, the replacement of isobutane in the baseline power plant with propane for the 280°F resource with no geofluid reinjection temperature limit was studied. This example will demonstrate that the value analysis method and the computer model can be used to minimize the LEC by changing the basic design parameters of the cycle, e.g., the pinch points in the heat exchangers and condensing pressure. Figure 3 shows a composite of the optimization choices with the new working fluid. The fractional changes in the LEC are from the isobutane baseline described earlier. The highest curve is for a heater pressure of 500 psia. This is higher than the 313 psia leaving the boiler in the baseline case. No account was taken of the impact of this higher pressure on cost of piping and heater. It is felt that the piping, fittings and valves will be of the same class of service and that any increase in cost of the heat exchanger shell will be negligible for this change in pressure. The 500 psia heater pressure did not produce a decrease in LEC over the baseline value. Increasing the heater pressure to 600 psia did result in a decrease in LEC for condensing pressures below 94 F. A brief study of the heater pinch point using 4 F and 6 F indicated little difference with the larger pinch point giving the lower LEC. The optimum condensing pressure was 85 F with a 600 psia heater pressure and a 6 F heater pinch point. The resultant decrease in LEC was almost 4% below that of the baseline isobutane cycle. Figure 4 indicates the differences in net geofluid effectiveness (Net W h/lb, of geofluid). The increase in net geofluid effectiveness for all of the propane cycles is 20% to 30% above that of the baseline system. This means that the power plant will use 20% to 30% less geofluid to produce the same amount of new electrical energy and deplete the reservoir at a much lower rate. One might expect this large improvement in performance to be reflected in a larger decreased energy cost. In the case of small, low-temperature power plants, assumptions were made which minimized the field cost relative to the plant cost. It was decided that if the field was expensively produced, there were no chances of exploiting the resource at low temperatures and small sizes. Field costs were only 15% to 25% of the LEC for the baseline cases considered here. Classically, for larger plants this number is nearer 50% which would result in a much greater impact on LEC. It is planned in future work to consider larger size plants. This may result in a stronger preference for propane over isobutane in this type of application.
Ambient TemDerature Change Study
This example uses the "off-design performance" mode of the computer program. Here, for cases I and 2, systems were designed to minimize the LEC for ambient conditions of 55 F dry bulb temperature and 50 F wet bulb temperature. (These were the conditions of the Barber Nichols study.) After the systems were "designed", the hardware was fixed and the performance calculated at other ambient conditions.
Calculations were made for dry bulb temperatures from 30 F to 85 F with wet bulb temperatures corresponding to a relative humidity of 60%. Figure 5 shows the results of that study. Here the variation in the fractional change from the base case are shown as a function of dry bulb temperature. In all cases, the turbine inlet pressure remained fixed. This fixed the working fluid flow rate because the turbine flow was choked. The sizes of the heat exchangers and ratio of flow rates of air to working fluid (in Case I) and the cooling water to working fluid and to air in the cooling tower remained fixed (in Case 2). Both the net power produced and the geofluid flow rate are shown in the figure. The geofluid flow rate remained essentially constant, although it was not fixed in the calculation. The net power changed more rapidly with temperature in Case 1 than in Case 2. Case 2 is preferred over Case ]I for temperatures greater than the design temperature and Case I performs better than Case 2 at temperatures below the design temperature. The choice of a system and the relative design point are a subject of further study. This result gives credence to the study of the more complex systems (Cases 3,4, and 5 ) with the wet portion used in greater proportion at higher temperatures and the dry system used at lower temperatures. Study of this effect remain to be donemote that the design point is 55 F.) CONCLUSIONS A computer model was developed to evaluate the performance of the binary geothermal power plants (Organic Rankine Cycles) with various heat rejection systems and their impact on the levelized cost of electricity. The computer model is capable of simulating the operation of a binary cycle with different types of working fluids such as pure hydrocarbons and some binary mixtures of the most promising combinations of hydrocarbons. The computer model performs the cycle analysis, component sizing, and economic analysis. The cycle analysis computer program accepts five different heat rejection systems. The program operates in two modes: "design" mode in which all components are sized for a particular set of ambient conditions and design parameters, and "off-design'' mode in which the component hardware is fixed and the cycle state points change to accommodate a different set of ambient conditions. To demonstrate the application of this model, two examples were presented in this paper. The results of the first example show that if propane is used as a working fluid instead of isobutane (used by Barber Nichols), a nearly 4% reduction in the LEC is possible along with a 20% to 30% reduction in geofluid usage. The second example indicates that the sensitivity of the performance of an evaporatively cooled system, Case 2, to changes in ambient temperature is less than that of a dry-cooled system, Case 1. Therefore, at ambient temperatures above the design temperature, Case 2 will give superior performance and at design temperatures below the design temperature, Case 1 will give better performance. 
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